Differentiation therapy with all-trans-retinoic acid (ATRA) improves the treatment outcome of acute promyelocytic leukemia (APL); however, the molecular mechanism by which ATRA induces granulocytic differentiation remains unclear. We previously reported that the inhibition of the NAD-dependent histone deacetylase (HDAC) SIRT2 induces granulocytic differentiation in leukemia cells, suggesting the involvement of protein acetylation in ATRA-induced leukemia cell differentiation. Herein, we show that p300/CREB-binding proteinassociated factor (PCAF), a histone acetyltransferase (HAT), is a prerequisite for ATRA-induced granulocytic differentiation in leukemia cells. We found that PCAF expression was markedly increased in leukemia cell lines (NB4 and HL-60) and primary APL cells during ATRA-induced granulocytic differentiation. Consistent with these results, the expression of PCAF was markedly up-regulated in the bone marrow cells of APL patients who received ATRA-containing chemotherapy. The knockdown of PCAF inhibited ATRA-induced granulocytic differentiation in leukemia cell lines and primary APL cells. Conversely, the overexpression of PCAF induced the expression of the granulocytic differentiation marker CD11b at the mRNA level. Acetylome analysis identified the acetylated proteins after ATRA treatment, and we found that histone H3, a known PCAF acetylation substrate, was preferentially acetylated by the ATRA treatment. Furthermore, we have demonstrated that PCAF is required for the acetylation of histone H3 on the promoter of ATRA target genes, such as CCL2 and FGR, and for the expression of these genes in ATRA-treated leukemia cells. These results strongly support our hypothesis that PCAF is induced and activated by ATRA, and the subsequent acetylation of PCAF substrates promotes granulocytic differentiation in leukemia cells. Targeting PCAF and its downstream acetylation targets could serve as a novel therapeutic strategy to overcome all subtypes of AML.
Protein acetylation is a major post-translational modification involved in the regulation of gene expression (1) . The acetylation of histone mediates transcription by changing the structure of chromatin, modulating the accessibility of transcription factors to their target genes, which regulates gene expression (2) . The acetylation of non-histone proteins has also been shown to affect many important biological events (3) . The acetylation levels of transcription factors, cellular proteins, and viral proteins are closely associated with tumorigenesis (4) . The acetylation of histones and other proteins is regulated by histone acetyltransferases (HATs) 2 and histone deacetylases (HDACs) (5) . Because HAT and HDAC expression levels are deregulated in cancer cells, an altered protein acetylation balance has been suggested to contribute to cell transformation in cancer development (6) . Furthermore, HDACs have been suggested to play an oncogenic role in cancer development (7) (8) (9) (10) (11) , and HDAC inhibitors have been developed as anti-cancer compounds (12) . In contrast, although HAT activity has previously been reported to be altered in cancer cells (13, 14) , a therapeutic strategy to target HATs has not been established, perhaps due to a lack of deeper understanding of the function of each HAT in cancer.
Acute myeloid leukemia (AML) is an aggressive and fatal hematologic malignancy characterized by the accumulation of immature myeloid blasts. The treatment strategy for AML has been unchanged over the last few decades, and even today, it has yet to be based on the cytotoxic agents (15) . Therefore, novel therapeutic approaches with high efficacy and less toxicity are urgently required. Previous reports have revealed that AML causes defects in granulocytic differentiation caused by mutations in cell differentiation-promoting transcription fac-tors, such as CCAAT/enhancer-binding protein ␣ (C/EBP␣), PU.1, and globin transcription factor-1 (GATA-1) (16 -18) . In addition, some compounds have been proposed as differentiation-inducing drugs for AML (19 -21) . However, a clinically effective differentiating therapy for AML has been developed only for acute promyelocytic leukemia (APL).
In most types of APL, a disease-initiating chromosome translocation of t(15;17)(q22;q21) results in the production of the fusion gene protein promyelocytic leukemia-retinoic acid receptor ␣ (PML-RAR␣), which binds to retinoic acid response elements and represses DNA transcription by recruiting HDAC co-repressors, such as nuclear receptor co-repressor (N-CoR) and silencing mediator of retinoid and thyroid hormone receptor (SMRT) complexes (22) . All-trans-retinoic acid (ATRA) is clinically used to treat APL because it induces granulocytic differentiation in APL cells. Although ATRA has markedly improved the treatment outcome of APL, the precise mechanism by which it induces granulocytic differentiation in APL cells remains unclear. ATRA has been shown to separate the HDAC complex from PML-RAR␣; it then recruits the coactivator-HAT complex and subsequently induces granulocytic differentiation in APL cells (23) . Based on this process, the blockade of HDAC activity may induce granulocytic differentiation and cell death in APL cells. Consistent with this, some classical HDAC inhibitors have been shown to induce cell death in APL and AML cells (24) . In addition, valproic acid, an HDAC inhibitor, was found to induce granulocytic differentiation in an APL mouse model (25) . We previously demonstrated that tenovin-6, an inhibitor of the NAD-dependent class III HDAC SIRT2, induced granulocytic differentiation in leukemia cell lines (26) . Collectively, these findings indicate that protein acetylation must be involved in granulocytic differentiation in leukemia cells. However, the involvement of HATs, which promote protein acetylation, in leukemia cell differentiation remains unclear.
ATRA, at a concentration sufficient to exert anti-cancer effects, increases the expression levels of p300/CREB-binding protein-associated factor (PCAF), a HAT, in mouse kidney tissues (27) . The retinoid X receptor/retinoic acid receptor (RAR) heterodimer directly recruits PCAF, and the increased expression of PCAF leads to enhanced retinoid-responsive transcription in mammalian cells (28) . Additionally, RAR␣ signaling is required for myeloid differentiation; thus, its inhibition blocks granulocytic differentiation (29) . Furthermore, a previous report revealed that PCAF is a coactivator of RAR␣ and that the PCAF-RAR␣ complex is required for the transcriptional activation induced by a physiological concentration of retinoic acid in mammalian cells (30) . However, the involvement of PCAF in ATRA-induced leukemia cell differentiation has not been elucidated. Here, we examined the involvement of PCAF and its functional role in the ATRA-induced granulocytic differentiation of leukemia cells.
Results
ATRA Induces PCAF Expression in ATRA-sensitive NB4 Cells but Not in ATRA-resistant NB4RA Cells-To investigate the role of PCAF in the ATRA-induced granulocytic differentiation of APL cells, we initially examined the effects of ATRA on the expression of PCAF. When the ATRA-sensitive APL cell line NB4 was treated with ATRA, PCAF expression levels were significantly elevated at the mRNA level ( Fig. 1A ) and were transiently elevated at the protein level 24 h after the ATRA treatment ( Fig. 1B) . In contrast with the NB4 line, in the ATRAresistant NB4 subline NB4RA, which has a point mutation in the AF-2 domain of the PML-RAR␣ fusion gene (31), the expression of PCAF was not induced by ATRA at either the mRNA (Fig. 1C ) or the protein level ( Fig. 1D ). ATRA concomitantly inhibited the proliferation of NB4 cells but not NB4RA cells (Fig. 1, E and F) . ATRA also enhanced nitro blue tetrazolium (NBT) reduction capacity, a hallmark of granulocyte maturation, in NB4 cells but not in NB4RA cells (Fig. 1, G and H) . These results are consistent with previous findings (31, 32) , showing that ATRA-treated NB4 cells differentiated into granulocytic cells, whereas ATRA-treated NB4RA cells did not. Collectively, these results indicate that ATRA-induced PCAF expression is strongly correlated with granulocytic differentiation in these cell lines.
ATRA-induced PCAF Expression Is Associated with Granulocytic Differentiation-To further examine whether PCAF is associated with ATRA-induced granulocytic differentiation, we used another AML cell line, HL-60, which also has the ability to differentiate into granulocytic cells when treated with ATRA (33), and we examined the effects of ATRA on the expression of PCAF. Similar to NB4 cells, ATRA inhibited HL-60 cell proliferation, and a significant increase in NBT reduction capacity was observed in ATRA-treated HL-60 cells, indicating that ATRA induced granulocytic differentiation in these cells (Fig. 2,  A and B) . Consistent with the results from NB4 cells, ATRA induced the expression of PCAF in HL-60 cells at both the mRNA ( Fig. 2C ) and protein levels ( Fig. 2D ). Thus, the induction of PCAF expression after the ATRA treatment was observed not only in the APL cell line NB4 but also in the non-APL cell line HL-60. It is noteworthy that ATRA-induced PCAF expression was more evident in the non-APL cell line HL-60 than in the APL cell line NB4, and thus this implies that PML-RAR␣ is not required for ATRA-induced PCAF expression.
We then examined the correlation between ATRA-induced granulocytic differentiation and PCAF induction. We used a subline of the ATRA-resistant cell line HL-60, HL-60-R2 (34). ATRA did not induce cell growth arrest in these cells ( Fig. 2E ). However, NBT reduction capacity was increased by the ATRA treatment, revealing that ATRA-treated HL-60-R2 cells had differentiated into granulocytic cells ( Fig. 2F ). Thus, we found that ATRA has the ability to induce granulocytic differentiation in HL-60-R2 cells without inducing cell growth arrest. In accordance with the granulocytic differentiation in ATRAtreated HL-60-R2 cells, the expression of PCAF was significantly increased at the mRNA ( Fig. 2G ) and protein levels ( Fig.  2H ). Consistent with this finding, we found that the PCAF mRNA level was significantly higher in the normal granulocytes, compared with the APL and HL-60 cells (Fig. 2I ) in the previous microarray data (35) , available at the Oncomine database. These results strongly suggest that the ATRA-induced PCAF expression is associated with granulocytic differentiation but not with cell cycle arrest in leukemia cells.
ATRA Induces PCAF Expression in Vitro and in Vivo in
Primary APL Cells-To investigate the ATRA-induced PCAF expression in primary APL cells, we isolated leukemia cells from the bone marrow of a primary APL patient (patient 1) and cultured them in vitro in the presence or absence of ATRA. Consistent with the results from the experiments using the leukemia cell lines, in primary APL cells, the ATRA-induced PCAF expression was strongly associated with granulocytic differentiation ( Fig. 3A, left) , judging from the increased NBT reduction capacity (Fig. 3A , middle) and the cell morphology, with seg-mented nuclei and lower nuclear/cytoplasmic ratios ( Fig. 3A , right). These results indicated that the primary APL cells differentiated into mature granulocytic cells after the ATRA treatment, and this was accompanied by the induction of PCAF.
We further confirmed the ATRA-induced PCAF expression in primary APL cells from additional patients (patients 2-5) ( Fig. 3B (left) for patient 2 and Fig. 3C for the remainder). The ATRA-induced granulocytic differentiation in the cells of patient 2 was confirmed by an increased NBT reduction capacity and granulocyte-like morphology (Fig. 3B , middle and right, . GAPDH and ␤-actin were used as controls for RT-qPCR and immunoblotting, respectively. The RT-qPCR results were quantified using the comparative Ct method. Experiments were performed in triplicate, and the data are shown as the mean Ϯ S.D. (error bars). For the immunoblotting, 50-g extracts from NB4 and NB4RA cells were loaded onto each lane. E and F, the NB4 and NB4RA cells that were viable after the ATRA treatment were counted. Cells were cultured with ATRA (1 M) or ethanol (vehicle). The number of dead cells was determined using trypan blue dye. The viable and dead cells of three independent experiments were counted, and the data are shown as the mean Ϯ S.D. G and H, the NBT reduction capacities of ATRA-treated NB4 and NB4RA cells were analyzed 3 and 5 days after the ATRA (1 M) or ethanol (vehicle) treatment. The images were captured 5 days after the treatment (left). The black staining indicated that cells possessed NBT reduction capacity, a hallmark of granulocyte maturation. The graph depicts the frequency of NBT-positive cells 3 and 5 days after the treatment (right). Counting was performed in three independent microscope fields that covered at least 400 cells each. Error bars, S.E. (n ϭ 3). respectively). These results indicate that ATRA induces the expression of PCAF not only in leukemia cell lines but also in primary APL cells in vitro.
Next, to prove that ATRA induces the expression of PCAF in vivo in APL patients, we measured the expression levels in the bone marrow cells of patients treated with an ATRA-containing regimen. RNA was purified from bone marrow cells taken from APL patients at the time of diagnosis (before the treat-ment) and at other time points, such as at the end of the treatment or during the follow-up. The quantitative RT-PCR (RT-qPCR) results in two APL patients (patients 1 and 6) showed that the expression of PCAF was markedly increased after the ATRA-containing therapy compared with before the treatment ( Fig. 3D ), indicating that ATRA induced the expression of PCAF in vivo. Furthermore, an analysis with the Oncomine microarray database revealed that the PCAF mRNA levels were FIGURE 2. ATRA-induced PCAF expression is associated with granulocytic differentiation. A and E, live ATRA-treated AML HL-60 cells and ATRA-resistant subline HL-60-R2 cells were counted as described in Fig. 1 , E and F. The data are shown as the mean Ϯ S.E. (error bars) (n ϭ 3). B and F, the NBT reduction capacities of ATRA-treated HL-60 and HL-60-R2 cells were also examined. The captured images represent HL-60 and HL-60-R2 cells 5 days after the ATRA (1 M) or ethanol (vehicle) treatment (left). The graphs depict the percentage of NBT-positive cells 3 and 5 days after treatment (right). Counting was performed as described in Fig. 1 , G and H. Error bars, mean Ϯ S.E. (n ϭ 3). PCAF expression in HL-60 (C and D) and HL-60-R2 cells (G and H) after the ATRA (1 M) or ethanol (vehicle) treatment for the indicated period was examined by RT-qPCR (C and G) and immunoblotting (D and H). GAPDH and ␤-actin were used as the controls for RT-qPCR and immunoblotting, respectively. The RT-qPCR results were quantified as described in the legend to Fig. 1 . For the immunoblotting, 50-g extracts from HL-60 and HL-60-R2 cells were loaded onto each lane. I, PCAF mRNA levels in the normal granulocytes, APL primary cells, and HL-60 cells were determined using the Oncomine microarray database. The PCAF mRNA level was elevated in the normal granulocytes compared with APL primary and HL-60 cells. The data are shown as the mean Ϯ S.E. (normal granulocytes, n ϭ 3; APL cells, n ϭ 2; HL-60 cells, n ϭ 6). **, p Ͻ 0.01; ***, p Ͻ 0.001. significantly lower in bone marrow cells from APL and non-APL myeloid leukemia patients than in the cells from healthy donors ( Fig. 3E) (36) . Taken together, these data strongly imply that the elevated PCAF expression is closely linked to the state of normal granulocytic differentiation, which is blocked in both APL and non-APL leukemia patients. . ATRA induces PCAF expression in vitro and in vivo in primary APL cells. Leukemia cells were isolated from the bone marrow of APL patients (patients 1 and 2) and then cultured with ATRA (1 M) or ethanol (vehicle). A and B (left), PCAF expression for the indicated period was examined by RT-qPCR. GAPDH was used as the control. The RT-qPCR results were quantified as described in the legend to Fig. 1 . A and B (middle), granulocytic differentiation in ATRA-or ethanol-treated APL cells was evaluated by NBT reduction capacity as described in the legend to Fig. 1 . The data are shown as the mean Ϯ S.E. (error bars) (n ϭ 3). A and B (right), morphological alterations were examined via Wright-Giemsa staining 7 days after the treatment with 1 M ATRA or ethanol. The ATRA-treated APL cells exhibited differentiated morphologies. Scale bar, 20 m. C, PCAF expression in leukemia cells from the additional APL patients (patients 3, 4, and 5) 5 days after the treatment with ATRA (1 M) or ethanol (vehicle) was examined by RT-qPCR. D, the expression of PCAF was measured in the bone marrow of APL patients (patients 1 and 6) who were treated with ATRA-containing chemotherapy. Bone marrow samples were collected at the time of the diagnosis and at the end of each treatment course. In patient 1, a molecular complete response (CR) was not achieved through chemotherapy on day 30; however, molecular CR was achieved by the ATRA-containing therapy on days 58 and 105. In patient 6, morphological CR was achieved on day 41, and molecular CR was achieved on days 74 and 111. E, PCAF mRNA levels in the bone marrow of APL, AML, ALL, CML, and MDS patients and healthy donors were determined using the Oncomine microarray database. The data are shown as the mean Ϯ S.E. (healthy donor, n ϭ 74; APL, n ϭ 37; AML, n ϭ 505; ALL, n ϭ 750; CML, n ϭ 76; MDS, n ϭ 206). ***, p Ͻ 0.001.
ATRA Induces CBP/p300 but Not Tp60 Expression in NB4
and HL-60 Cells-Because we found a robust induction of PCAF expression upon ATRA treatment, we next asked whether this is unique to PCAF. To this end, we investigated the expression levels of other HATs, such as CBP, p300, and Tip60, in cells that were treated with ATRA. As the results show, the CBP and p300, but not Tip60, mRNA levels were elevated after the ATRA treatment in NB4 ( Fig. 4 , A-C) and HL-60 cells ( Fig.  4 , D-F). However, we were unable to observe an accumulation of CBP and p300 proteins in ATRA-treated NB4 cells, which may be due to a lack of a sensitive antibody or a lower accumulation of proteins (data not shown). Nevertheless, because we observed a significant accumulation of PCAF mRNA and protein in ATRA-treated cells, we decided to further investigate the involvement of PCAF in ATRA-dependent granulocytic differentiation.
PCAF Knockdown Inhibits ATRA-induced Granulocytic Differentiation in Leukemia Cell Lines and Primary APL Cells-Based on the above mentioned results, we hypothesized that PCAF plays a critical role in ATRA-induced granulocytic differentiation in leukemia cells. To directly confirm this hypothesis, we performed a loss-of-function experiment using shRNA against PCAF. We generated the lentiviral vector pLKO2.0 with DsRed and three independent shRNA sequences against PCAF as well as non-targeting shRNA (negative control) (see "Experimental Procedures"). The expression of shRNA was induced by infecting NB4 cells with these viruses, and infected (DsRedpositive) cells were then isolated using a cell sorter. All three PCAF shRNAs knocked down PCAF at the mRNA ( Fig. 5A ) and the protein (Fig. 5B ) levels 72 h after the infection, whereas the non-targeting shRNA did not.
To examine the involvement of PCAF in ATRA-induced granulocytic differentiation, PCAF or non-targeting shRNA were introduced into 30 -60% of NB4 cells in the culture and treated with 10 nM ATRA or ethanol (vehicle) 48 h after the viral infection. As shown in Fig. 5C , the PCAF knockdown cells marked by Ds-Red showed no expression of CD11b, a marker for granulocytes, indicating that the knockdown of PCAF inhibited ATRA-induced granulocytic differentiation. In contrast, non-targeting shRNA-expressing cells labeled with DsRed clearly differentiated into granulocytes with a high expression level of CD11b. Furthermore, almost all cells not labeled with DsRed became CD11-positive cells (Fig. 5C ). The blockade of granulocytic differentiation was also defined by the decreased levels of NBT reduction capacities, which were observed in the PCAF knockdown cells but not the control cells (Fig. 5, D and E) .
Next, we assessed whether PCAF is required for ATRA-induced granulocytic differentiation in primary APL cells. PCAF or non-targeting shRNA was transduced with lentiviruses into APL primary cells freshly isolated from the bone marrow of a de novo APL patient (patient 3). The cells were then treated with ATRA and subsequently analyzed for CD11b expression levels. The PCAF knockdown APL cells and the control cells were cultured with different concentrations of ATRA (1 M, 100 nM, and 10 nM) or ethanol (vehicle) for 96 h. FACS analysis was used to assess the expression of DsRed and CD11b. Infection efficiency ranged from ϳ2 to 10% based on the proportion of cells expressing DsRed. Consistent with the results from the cell lines, the expression of CD11b was lower in the PCAF knockdown cells than in the control cells at all concentrations of ATRA ( Fig. 5F ). These results strongly suggest that the induction of PCAF is required for ATRA-induced granulocytic differentiation in the APL cell line NB4 and in primary APL cells. Furthermore, we found that the knockdown of PCAF blocked the ATRA-induced granulocytic differentiation in HL-60 cells ( Fig. 6 ), implying that PCAF is required for ATRA-induced granulocytic differentiation, even in non-APL leukemia cells.
PCAF Overexpression Induces CD11b Expression in NB4 Cells-Although the loss-of-function assay using shRNA against PCAF revealed that PCAF is required for ATRA-induced granulocytic differentiation in leukemia cells, it is unclear whether the induction of PCAF expression is sufficient for granulocytic differentiation. To assess this, we examined the effects of the overexpression of PCAF in NB4 cells. NB4 cells were transiently transfected with FLAG-tagged PCAF or empty vector as a control by electroporation. We harvested cells at 8 and 24 h after transfection and subsequently extracted total RNA for RT-qPCR analysis. As shown in Fig. 7A , we confirmed the overexpression of PCAF at the mRNA level in NB4 cells after transfection. As expected, the PCAF overexpression induced CD11b at the mRNA level in NB4 cells (Fig. 7B ). Contrary to our expectation, PCAF overexpression increased neither the NBT reduction capacity nor CD11b expression (data not shown), indicating that PCAF expression was not sufficient for the induction of granulocytic differentiation in NB4 cells, presumably due to a lack of an additional factor for granulocytic differentiation in NB4 cells (see "Discussion").
Identification of the Downstream Targets of PCAF in Response
to ATRA Treatment-We attempted to identify the downstream targets of PCAF during ATRA-induced granulocytic differentiation in leukemia cells. Because ATRA-induced PCAF expression was more evident in HL-60 cells, we used HL-60 cells for the identification of PCAF acetylation targets. We initially investigated the subcellular localization of PCAF after the ATRA treatment. We separated the nuclear and cytoplasmic FIGURE 5 . PCAF knockdown inhibits ATRA-induced granulocytic differentiation in NB4 cells and primary APL cells. A and B, cells expressing DsRed were sorted, and knockdown efficiency was then analyzed by RT-qPCR (A) and immunoblotting (B) for PCAF; GAPDH and ␤-actin were used as the controls for RT-qPCR and immunoblotting, respectively. Three independent sequences of shRNAs were used against PCAF. The RT-qPCR results were quantified by the comparative Ct method. Non-target control values were set as 1, and relative -fold values are depicted in the graph. Experiments were performed in triplicate, and the data are shown as the mean Ϯ S.D. (error bars). For the immunoblotting, 10-g extracts were loaded onto each lane. C, PCAF knockdown NB4 cells and control cells expressing non-targeting shRNA were cultured with 10 nM ATRA or ethanol (vehicle) for 72 h. DsRed and the expression of the granulocyte marker CD11b were monitored by FACS. FITC-conjugated IgG was used as the control. Infection efficiency was ϳ30 -60%, based on the proportion of cells expressing DsRed. D and E, the NBT reduction capacities of PCAF knockdown NB4 cells and control cells expressing non-targeting shRNA were also examined. The images were captured 72 h after treatment (D). Cells with NBT reduction capacity were counted and are depicted in the graph (E). Counting was performed as described in the legend to Fig. 1 . F, a loss-of-function analysis using a lentiviral vector expressing shRNA against PCAF (gray lines) and non-targeting shRNA (black line) was performed using primary APL blast cells (patient 3). PCAF knockdown APL cells and control cells were cultured with different concentrations of ATRA (1 M, 100 nM, and 10 nM) or ethanol (vehicle) for 96 h. DsRed and the expression of the granulocyte marker CD11b were monitored by FACS, and experiments were performed as described in the legend to Fig. 5C . Infection efficiency was ϳ2-10%, based on the proportion of cells expressing DsRed.
fractions of the cells and found that PCAF exclusively accumulated in the nuclear fraction after the ATRA treatment (Fig. 8A) . To further confirm this, we performed an immunofluorescence staining analysis for ATRA-treated cells. However, none of the antibodies that we tried gave results consistent with the biochemical fraction (data not shown). The specificity of the antibody used for the immunoblot was verified by the shRNA experiments, and thus, we concluded that PCAF accumulated in the nucleus when the cells were treated with ATRA. Nevertheless, these data suggested that PCAF acetylates nuclear proteins in the course of granulocytic differentiation.
To identify the PCAF target in response to the ATRA treatment, an acetylome analysis was performed using mass spectrometry. Cell extracts were prepared from mock-or ATRA-treated HL-60 cells. Acetylated proteins were immunoprecipitated with an anti-acetyl lysine antibody and then analyzed using mass spectrometry (supplemental Table 1 ). We compared a list of acetylated proteins at 0, 3, and 24 h after the ATRA treatment. Of those compared, the following five proteins were significantly acetylated by the ATRA treatment: thymosin ␤-4 (TMSB4X), putative heat-shock protein HSP90-␤2 (H90B2), asparagine-tRNA ligase, cytoplasmic (NARS), histone H3 (HIST1H3A), and probable ATP-dependent RNA helicase DDX17 (DDX17). Histone H3 and probable ATP-dependent RNA helicase DDX17 are nuclear proteins, and histone H3 is known to be an acetylation substrate of PCAF; thus, we focused on histone H3 and investigated whether ATRA acetylated histone H3 in HL-60 cells. Consistent with the mass spectrometry results, the ATRA treatment led to an accumulation of acetylated histone H3 (Fig. 8B ), suggesting that ATRA directly acetylates the PCAF acetylation substrate histone H3, whereas ATRA induces granulocytic differentiation in leukemia cells.
PCAF Regulates the Expression of ATRA Target Genes-Because we have shown that PCAF is required for ATRA-induced granulocytic differentiation in leukemia cells, we investigated whether PCAF is directly involved in the regulation of expression of ATRA downstream target genes. To assess this, we initially confirmed the induction of chemokine (C-C motif) ligand 2 (CCL2) and Gardner-Rasheed feline sarcoma viral (v-fgr) oncogene homolog (FGR) by ATRA in NB4 and HL-60 cells (Fig. 9, A and B) (37) (38) (39) (40) . Then we investigated the expression levels of CCL2 and FGR mRNA in PCAF knockdown NB4 cells treated with or without ATRA. PCAF knockdown or control NB4 cells were first sorted with DsRed, and the PCAF knockdown efficiency at the mRNA level was subsequently confirmed (Fig. 9C ). Then the cells were cultured in the presence of 10 nM ATRA or ethanol (vehicle) for 72 h. As shown previously in Fig. 5 , the expression of CD11b was significantly lower in the PCAF knockdown cells than in the control cells, thus confirming that PCAF knockdown inhibited ATRA-induced granulocytic differentiation in NB4 cells (Fig. 9D ). As shown in Fig. 9 , E and F, in the PCAF knockdown cells but not the control cells, the induction of CCL2 and FGR expression by ATRA was greatly suppressed. This demonstrated that PCAF is involved in the expression of ATRA target genes.
To further investigate the more direct involvement of PCAF in the regulation of ATRA-downstream target gene expression, the level of acetylation of PCAF substrate histone H3 on the promoter region of ATRA target genes was examined in ATRA-treated cells. By ChIP-quantitative PCR (qPCR) with anti-acetyl histone H3 antibody, the levels of acetylated histone H3 on the CCL2 and the FGR promoters were significantly elevated by the ATRA treatment ( Fig. 9, G and H) . These results suggest that, upon ATRA treatment, PCAF acetylates histone H3 on the promoters of its downstream target genes and subsequently promotes the expression of these genes for the induction of granulocytic differentiation.
Discussion
We showed that the induction of PCAF correlated with ATRA-induced granulocytic differentiation in the leukemia cell lines NB4, HL-60, and HL-60-R2 as well as in primary APL cells ( Figs. 1-3) . In contrast, ATRA did not induce the expression of PCAF in ATRA-resistant NB4RA cells (Fig. 1) . PCAF knockdown inhibited ATRA-induced granulocytic differentiation in NB4, HL-60, and primary APL cells (Figs. 5 and 6). Furthermore, the overexpression of PCAF induced the expression of the granulocytic differentiation marker CD11b at the mRNA level in NB4 cells (Fig. 7) . In agreement with this, we showed the elevation of acetylated histone H3, a substrate of PCAF, in the ATRA-treated cells ( Fig. 8 ) and showed that acetylated histone H3 had accumulated on the promoters of genes that were induced by a PCAF-dependent manner upon ATRA treatment ( Fig. 9 ). Based on these results, we propose a model in which ATRA promotes granulocytic differentiation in leukemia cells through the induction of PCAF expression, the subsequent acetylation of histone H3 or other PCAF targets, and the activation of downstream transcription (Fig. 10) . Collectively, the enhanced expression of PCAF and the acetylation of its downstream substrates are promising strategies to induce granulocytic differentiation in leukemia cells for therapy.
PCAF is a transcriptional coactivator that exhibits intrinsic histone acetylase activity, which contributes to transcriptional activation through the modification of histones and other proteins. Schiltz et al. (41) previously reported that PCAF predominantly acetylates histone H3 and, to a lesser extent, histone H4. Down-regulated PCAF has been reported in some types of cancer. The acetylation of histones H3 and H4 is virtually undetectable or very weak in acute leukemia cells (42, 43) . Because PCAF is the HAT for histones H3 and H4, PCAF was predicted to be down-regulated in acute leukemia.
In agreement with this hypothesis, the expression of PCAF mRNA in the bone marrow cells in APL patients was low, but it was then elevated severalfold over the course of their treatment with ATRA-containing chemotherapy (Fig. 3D ). Due to a limitation of clinical samples, we could not confirm the accumulation of PCAF protein in ATRA-treated APL primary cells. In addition, an analysis with the Oncomine microarray database revealed that the PCAF mRNA levels were significantly lower in bone marrow cells from APL and non-APL myeloid leukemia patients than in those from healthy donors (Fig. 3E) . However, the down-regulated expression of PCAF was not observed in chronic myeloid leukemia (CML) or myelodysplastic syndrome (MDS), in which cancerous cells do not exhibit a strong defect in differentiation. Conversely, the down-regulation of PCAF expression may be important for maintaining the undifferentiated phenotype in acute leukemia.
In this study, we used two pairs of ATRA-sensitive and ATRA-resistant cell lines, NB4 and NB4RA, and HL-60 and HL-60R2 ( Figs. 1 and 2) . When comparing the cell proliferation rates between ATRA-sensitive and ATRA-resistant cells, we found that they were diverse (compare vehicle in Figs. 1 (E and  F) and 2 (A and E) ). Because these resistant cell lines were orig-inally established from sensitive cell lines, the genetic background of the cell lines in each pair should be the same, except the part related to the ATRA-resistance, as is the case for the cellular property. Therefore, differential proliferation rates among isogenic cell lines were presumably established by the long duration culture in a different environment since establishment.
In addition to the loss-of-function assay (Figs. 5 and 6) , we attempted to clarify the roles of PCAF HAT activity in ATRA- Figs. 5 and 6 ). These cells were cultured with 10 nM ATRA or ethanol (vehicle) for 72 h. PCAF knockdown efficiency (C) and the expression of the granulocyte marker CD11b (D) and ATRA target genes CCL2 (E) and FGR (F) were then analyzed by RT-qPCR. Experiments were performed in triplicate, and the data are shown as the mean Ϯ S.D. G and H, the ChIP assay was conducted using an anti-acetyl histone H3 antibody or IgG antibody as a negative control and examined via qPCR. By this assay, the acetylation status of histone H3 on the CCL2 (G) and the FGR (H) promoters in NB4 cells after the ATRA (1 M) or ethanol (vehicle) treatment for 48 h was determined. The distal regions of CCL2 and FGR were used as negative controls. The data are shown as the mean Ϯ S.D. induced leukemia cell differentiation by using the PCAF inhibitor embelin. Contrary to our expectation, 30 M embelin neither blocked the granulocytic differentiation nor inhibited the CCL2 and FGR expression by ATRA in NB4 cells (data not shown). Because embelin was highly toxic to the NB4 and HL-60 cells, it induced cell death, presumably inhibiting other molecules (44 -47) before reaching an optimal concentration for the blockade of PCAF. The development of more specific compounds for PCAF is required to prove that the PCAF enzymatic activity is involved in the ATRA-induced granulocytic cell differentiation.
Although we found that the overexpression of PCAF induced the CD11b expression at the mRNA level in NB4 cells (Fig. 7) , we failed to detect the elevation of CD11b by flow cytometry (data not shown). In addition, PCAF overexpression did not result in the increase of NBT reduction capacity in NB4 cells (data not shown). These data suggest that the induction of the granulocytic differentiation of leukemia cells requires additional components, despite the fact that PCAF is required for ATRA-induced leukemia cell differentiation ( Figs. 5 and 6 ).
We demonstrated that the PCAF knockdown lowered the expression of the ATRA target genes CCL2 and FGR (Fig. 9 ). CCL2 is a member of the CC chemokine family, of which the secretion is increased upon the differentiation of monocytes into macrophages (48) . FGR is a member of the Src family of non-receptor tyrosine kinases (49) , of which the expression is restricted to myeloid cells and elevated in AML leukemic blasts that differentiate along the monocytic or granulocytic lineages (50) . Although ATRA-induced PCAF promoted the expression of CCL2 and FGR, the knockdown of these genes did not inhibit ATRA-induced granulocytic differentiation (data not shown). Recently, the prolyl isomerase Pin1 has been identified as a key target of ATRA in APL cells. Pin1 plays a critical role in the eradication of APL-initiating cells but not in the granulocytic differentiation of APL cells (51) . Therefore, although it is speculative at the present time, Pin1 may not be a downstream target molecule of PCAF. A more comprehensive genome-wide analysis is required to identify the downstream target genes of ATRA-induced PCAF, which play critical roles in granulocytic differentiation in leukemia cells.
For the induction of granulocytic differentiation in APL cells, ATRA binds to PML-RAR␣ and wild type RAR␣, promoting the degradation of PML-RAR␣ occupying RAR␣-binding sites of target genes (52) and modulating the wild type RAR␣ for transcriptional activation (23), respectively. The regulated interaction of RAR␣ and PCAF by a physiological concentration of retinoic acid in non-cancer cells was previously reported (30) . Therefore, although acetylome analysis did not identify RAR␣ as an acetylated protein after the ATRA treatment, it is conceivable that ATRA induces the formation of the PCAF-RAR␣ complex and subsequently promotes the granulocytic differentiation in leukemia cells.
Other than RAR␣, PCAF may acetylate other transcription factors for the induction of granulocytic differentiation. These transcription factors include p53, which was previously reported to act with PCAF in the activation of downstream gene expression (53) . However, it is unlikely that p53 is a substrate for PCAF in ATRA-treated cells because ATRA does not alter the acetylation level of p53 in NB4 cells (data not shown) and APL primary cells (54) . More detailed analysis of PCAF substrates may lead to an identification of proteins where acetylation by PCAF plays crucial roles in ATRA-induced granulocytic differentiation in leukemia cells.
To understand the molecular mechanism underlying how PCAF is induced by ATRA, we analyzed the presumptive binding sites of transcription factors on the PCAF promoter by MATCH (55) . We first hypothesized that RAR␣ directly promoted PCAF expression upon ATRA treatment; however, we failed to find the RAR␣-binding motif on the PCAF promoter. Instead, we found sequences to which signal transducer and activator of transcription 3 (STAT3), activator protein 1 (AP-1), myogenic differentiation 1 (MyoD), and C/EBP may bind. Among these candidates, C/EBP is associated with normal myeloid development (56) . Moreover, ATRA restored the activity of C/EBP␣ and induced the expression level of C/EBP␤ and C/EBP⑀ in APL cells, whereas ATRA induced granulocytic differentiation (57) . Therefore, C/EBP is one of the potent transcription factors that may induce PCAF expression. Furthermore, the aberrant overexpression of microRNA (miR)-181a/b was detected in APL cells, and ATRA suppressed the miR-181a/b levels during ATRA-induced leukemia cell differentiation (58) . Because PCAF expression is negatively regulated by miR-181a/b (59) , the induction of PCAF by ATRA may be due to the reduction of miR-181a/b in APL cells.
In summary, we showed that ATRA induced the expression and accumulation of PCAF and the acetylation of histone H3, one of the PCAF substrates, on the promoters of ATRA target genes during granulocytic differentiation in leukemia cells. Despite the fact that PCAF expression is not sufficient for the granulocytic differentiation in leukemia cells, we demonstrated that PCAF is required for the ATRA-induced granulocytic differentiation. Because we cannot exclude the possibility that the acetylation of an as yet unidentified PCAF target other than histone H3 may play a crucial role in ATRA-induced granulocytic differentiation in leukemia cells, further study is required for a more comprehensive understanding of ATRA-induced differentiation in leukemia cells. A clearer understanding of the mechanism responsible for the actions of ATRA will lead to the development of a new therapeutic strategy to overcome all subtypes of AML.
Experimental Procedures
Cell Culture and Reagents-NB4 (32), NB4RA (a generous gift from Dr. Tomoki Naoe, Nagoya University) (31), HL-60 (obtained from the American Type Culture Collection), HL-60-R2 (obtained from the RIKEN BRC Cell Bank through the National Bio-Resource Project of MEXT, Japan) (34) , and APL primary cells were cultured in Iscove's modified Dulbecco's medium (Invitrogen) with 10% (cell line) or 30% (primary cells) heat-inactivated fetal calf serum (HyClone), 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidified, 5% CO 2 atmosphere. In accordance with the Declaration of Helsinki, informed consent was obtained from all of APL patients, and approval was obtained from the ethics committee of the Juntendo University School of Medicine (institutional review board approval 2012195). 293T cells were cultured in DMEM (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal calf serum, 100 units/ml penicillin, and 100 g/ml streptomycin (Sigma-Aldrich) at 37°C in a humidified, 5% CO 2 atmosphere. ATRA (Sigma-Aldrich) was dissolved in absolute ethanol at 1 mM. Dissolved compounds were stored at Ϫ20°C until they were used.
Immunoblotting-Cell extraction and immunoblotting were performed as described previously (26) . The chemiluminescence reaction was performed with Pierce ECL West Femto substrate (Thermo Fisher Scientific), and images were captured using an LAS-4000 system (Fuji Film, Tokyo, Japan). The following primary antibodies were used for immunoblotting: anti-PCAF (Cell Signaling, catalog no. 3378), anti-␤-actin (Cell Signaling, catalog no. 4967), anti-acetyl-lysine (Cell Signaling, catalog no. 9441), anti-histone H3 (Cell Signaling, catalog no. 3638), anti-lamin-B (Santa Cruz Biotechnology, Inc., catalog no. sc-6216), and anti-␣-tubulin (Sigma-Aldrich, catalog no. T5168). The following horseradish peroxidase-conjugated secondary antibodies were used: polyclonal goat anti-mouse IgG (Santa Cruz Biotechnology, catalog no. sc-2005), for anti-␣tubulin and anti-histone H3, and polyclonal goat anti-rabbit IgG (Santa Cruz Biotechnology, catalog no. sc-2004), for the other primary antibodies.
RT-qPCR-Total RNA was isolated from cells using a PureLink RNA minikit (Life Technologies, Inc.) and an RNeasy minikit (Qiagen, Hilden, Germany). cDNA was synthesized from 200 -300 ng of RNA using a ReverTra Ace RT-qPCR kit (Toyobo, Osaka, Japan) according to the manufacturer's protocol. The synthesized cDNA (2 l) was analyzed by RT-qPCR performed with THUNDERBIRD SYBR qPCR mix (Toyobo) in a CFX96 real-time system (Bio-Rad). In the experiments represented in Fig. 9 , total RNA was extracted from the cells using TRIzol reagent (Life Technologies) followed by phenol-chloroform extraction and isopropyl alcohol precipitation. cDNA was synthesized from 400 ng of total RNA according to the protocol above. RT-qPCR was performed in a 7500 Fast real-time PCR system (Life Technologies). The following primers were used for RT-qPCR: PCAF (forward, AGGAAAACCTGTGGTT-GAAGG; reverse, CAGTCTTCGTTGAGATGGTGC), CBP (forward, CAACCCCAAAAGAGCCAAACT; reverse, CCTCG-TAGAAGCTCCGACAGT); p300 (forward, AGCCAAGCG-GCCTAAACTC; reverse, TCACCACCATTGGTTAGTCCC), Tip60 (forward, GGGGAGATAATCGAGGGCTG; reverse, TCCAGACGTTTGTTGAAGTCAAT); CD11b (forward, CCC-TGGTTCACCTCCTTC; reverse, CATGACATAAGGTCAA-GGCTG); CCL2 (forward, CAGCCAGATGCAATCAATGCC; reverse, TGGAATCCTGAACCCACTTCT); FGR (forward: ACTATGAGGCTCGAACTGAGG, reverse: TCAGCTTGGA-TTGAGTCAACAG); and GAPDH (forward, AGCCACAT-CGCTCAGACAC; reverse, GCCCAATACGACCAAATCC). Quantification was performed using the relative standard curve method against the control, GAPDH.
Cell Proliferation and Morphological Analysis-The cell proliferation rate and viability were determined by a trypan blue dye exclusion assay using a TC10 automated cell counter (Bio-Rad). To examine cellular morphology, cells were cytospun, stained with Wright-Giemsa, and observed using a BX51 microscope (Olympus, Tokyo, Japan).
Granulocytic Differentiation-The NBT reduction capacity assay was performed to examine granulocytic differentiation as described previously (26) . To investigate the expression of CD11b, cells were stained with a fluorescein isothiocyanate (FITC)-conjugated anti-CD11b antibody (Beckman-Coulter) and analyzed using a Navios Flow Cytometer (Beckman-Coulter). Dead cells were excluded with forward scatter/side scatter. The data obtained were further analyzed using FlowJo software (Tree Star).
Lentiviral shRNA Expression-To perform the knockdown experiments, the following shRNA sequences obtained from the RNAi consortium database (Broad Institute) and siDirect version 2.0 database were subcloned into the AgeI and EcoRI sites of the lentiviral vector pLKO2.0.DsRed, bearing DsRed in place of puromycin-resistance sequences: non-targeting sh, CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGT-GCTCTTCATCTTGTTGTTTTTG; PCAFsh1, CCGGGCA-GATACCAAACAAGTTTATCTCGAGATAAACTTGTTT-GGTATCTGCTTTTT; PCAFsh2, CCGGTGGCATGTC-CATTAGCTATTTCTCGAGAAATAGCTAATGGACATG-CCATTTTTG; and PCAFsh3, CCGGGGTACTACGTGT-CTAAGAAATCTCGAGATTTCTTAGACACGTAGTACC-TTTTT. Lentivirus production and concentration were performed as described previously (60) . Approximately 100,000 cells were infected with the concentrated virus and then cultured for 48 h. Cells expressing DsRed were then sorted using MoFlo XDP flow cytometry (Beckman-Coulter). Hoechst dye (Life Technologies, catalog no. 33258) was used to stain and exclude dead cells. The sorted cells were used for the immunoblotting assay and realtime quantitative PCR following the procedures above, and the PCAF knockdown level was confirmed.
Acetylome Analysis-Acetylome analysis was performed as described previously (61) with minor modifications. In brief, cell lysate was precipitated with acetone, and the pellet was then dissolved in 50 mM NH 4 HCO 3. Proteins were reduced by incubation with 20 mM DTT at 56°C for 30 min and subsequently alkylated by being treated with 2-iodoacetamide at 37°C for 30 min. Proteins were then digested by being incubated with 0.25 g/ml trypsin (Promega) at 37°C overnight. After dialysis with NETN buffer (50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1 mM EDTA, and 0.1% Nonidet P-40), acetylated peptides were collected by immunoprecipitation with a mixture of three different antiacetyl-lysine polyclonal antibodies (Rockland and Cell Signaling Technology) using protein A beads. The beads were washed with NETN buffer and subsequently with NETN buffer without Nonidet P-40. Then the acetylated peptides were eluted with 0.1% trifluoroacetic acid and subsequently with 0.1% trifluoroacetic acid, 75% acetonitrile. The eluted solutions were combined, cleaned with ZipTip SCX (Millipore) according to the manufacturer's instructions, and then processed by a liquid chromatograph (EASY-nLC 1000) (Thermo Fisher Scientific) coupled to a Q Exactive hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher Scientific) with a nanospray ion source in positive mode. The acetylated peptides were separated with a nano-HPLC C18 capillary column (0.075 ϫ 150 mm, 3 mm) (Nikkyo Technos, Tokyo, Japan). A 60-min gradient was used at a flow rate of 300 nl/min, including 5-35% B in 48 min and then 35-65% B in 12 min (solvent A, 0.1% formic acid; solvent B, 100% CH 3 CN, 0.1% formic acid). The resulting MS and MS/MS data were used to search the Swiss-Prot database using Proteome Discoverer (Thermo Fisher Scientific) with MASCOT search engine software (Matrix Science, London, UK).
Subcellular Fractionation-To separate cells into nuclear and cytoplasmic fractions, cells were washed with PBS containing 2 mM orthovanadate and 1 M TSA and then solubilized in 10 mM HEPES, 3 mM MgCl 2 , 10 mM KCl, 5% glycerol, and 0.5% Nonidet P-40. After the samples were centrifuged, the supernatants containing cytosolic proteins were collected. The pellets, which contained the nuclear proteins, were then sonicated in radioimmune precipitation assay buffer (Cell Signaling) supplemented with 10 mM nicotinamide, 1 M TSA, 1 mM orthovanadate, 20 mM sodium fluoride, 1 g/ml aprotinin (Sigma-Aldrich), 2 g/ml E-64 (Roche Applied Science), 1 g/ml leupeptin (Roche Applied Science), 0.67 g/ml bestatin (Calbiochem), 0.67 g/ml pepstatin (Roche Applied Science), and 43.5 g/ml PMSF (Sigma-Aldrich).
Immunoprecipitation-To obtain cell extracts for immunoprecipitation, cells were washed with PBS containing 0.1% Triton X-100, 5 mM EDTA, 43.5 g/ml PMSF, 2 mM sodium vanadate, 10 mM ␤-glycerophosphate, 10 mM nicotinamide, and 1 mM sodium butyrate and were then solubilized in PBS containing 0.1% Triton X-100, 5 mM EDTA, 1 g/ml aprotinin, 2 g/ml E-64, 1 g/ml leupeptin, 0.67 g/ml bestatin, 0.67 g/ml pepstatin, 2 mM sodium vanadate, 10 mM ␤-glycerophosphate, 10 mM nicotinamide, and 1 M TSA. An equal amount of protein lysate was incubated with either normal rabbit IgG (Santa Cruz Biotechnology, catalog no. sc-2027) or anti-histone H3 antibody (Abcam (Cambridge, UK), catalog no. ab-1791) on ice, followed by an incubation with Dynabeads Protein G (Life Technologies). Immune complexes were analyzed by an immunoblotting analysis with anti-acetyl-lysine antibody (Cell Signaling, catalog no. 9441) and anti-histone H3 antibody (Cell Signaling, catalog no. 3638).
ChIP-qPCR-ChIP was performed as described previously (62) with minor modifications. In brief, cells were cross-linked with 1% formaldehyde (Thermo Fisher Scientific) in PBS at 25°C for 10 min, and 2.5 M glycine at room temperature was added to stop the reaction. The fixed cells were then sequen-tially treated with three kinds of lysis buffer (buffer 1: 50 mM HEPES-KOH, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, and 0.25% Triton X-100; buffer 2: 10 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA; buffer 3: 50 mM Tris-HCl, 1% SDS, and 10 mM EDTA) with a proteinase inhibitor mixture (1 g/ml aprotinin, 2 g/ml E-64, 1 g/ml leupeptin, 0.67 g/ml bestatin, 0.67 g/ml pepstatin, and 43.5 g/ml PMSF) to obtain nuclear extracts. Chromatin samples were sheared by treatment with Covaris M220 (Covaris). Then 10 g of sonicated samples was immunoprecipitated with 5 g of antibodies against anti-acetyl-histone H3 (Millipore, catalog no. 06 -599) or normal rabbit IgG (Santa Cruz Biotechnology, catalog no. sc-2027). The immunoprecipitates were eluted, and the cross-link was reversed. DNA fragments were purified using a PCR purification kit (Qiagen). The DNA samples were analyzed by qPCR using the ABI 7500 Fast system. The following primer sets were used for qPCR: CCL2 promoter region (ϩ105 to ϩ293 bp; forward, GCTCATAGCAGCCACCTTCA; reverse, GGCTCACCCCTTGTCCTTTT), CCL2 distal region (Ϫ11258 to Ϫ11123 bp; forward, GCAGATCAGACGGGTG-GTTT; reverse, CCCCAAAGACTCTGCCTCAC), FGR promoter region (Ϫ251 to Ϫ135 bp; forward, GCAGA-ATTGGGCTCCAGGTA; reverse, TCAGGCTTCTCTTC-CCGTGT-3Ј), and FGR distal region (ϩ11538 to ϩ11655 bp; forward, CCAGCGGAACTATGCCAACT; reverse, GGAG-CGTGTCAGGGGTTCTA).
PCAF Overexpression-FLAG-tagged PCAF expression plasmid has been described previously (63, 64) . A pcDNA3.1 vector was used as a control. Transient NB4 cell transfection with FLAG-PCAF or empty vectors was accomplished by using the Amaxa Nucleofector system and the Cell Line Nucleofector kit T (Lonza, Basel, Switzerland) with program T-001 for high viability, according to the manufacturer's recommendations; 5 g of plasmid was used for each transfection. The transfection efficiency was typically 70 -80%, as determined by the transfection of cells with a green fluorescent protein plasmid vector. Successful transfection was confirmed with RT-qPCR.
Statistical Analysis-Significance levels for comparisons between samples were determined by Student's t test. p Ͻ 0.05 was considered significant. All experiments were performed at least three times. 
